Colonizing events may expose organisms to physical and ecological environments found nowhere else in their range. Novel selection pressures can then influence subsequent rapid evolutionary changes. Here, I investigate the genetics of one such rapid change in the sexual signal of Polynesian field crickets, Teleogryllus oceanicus, that recently colonized the Hawaiian Islands. In Hawaii, T. oceanicus encounter a deadly parasitoid fly found nowhere else in their range. In o20 generations, a wing mutation, flatwing, that eliminates the crickets' song, an important sexual signal, but protects them from the fly, spread to 490% of males on the island of Kauai. I show, using crosses between flatwing males and females from a population that has never contained flatwings, that the song-suppressing mutation is due to a change in a single sex-linked locus. Contemporary evolution of secondary sexual characteristics has only rarely been identified as the result of single-gene changes and never before as a single sex-linked locus, but sex-linked inheritance is thought to facilitate the rapid evolution of these types of traits. Because divergence of sexual signals can influence reproductive isolation, understanding how colonization events and subsequent selection affect signals, and the genetic mechanisms of such change, can shed light on processes likely to play a role in speciation.
Introduction
The colonization of a new environment places organisms in circumstances that are favorable to rapid evolutionary change (Reznick and Ghalambor, 2001) . Founding populations generally consist of only a few individuals and are subject to genetic drift, encounter novel selection pressures and may experience rapid population growth in their new environments (MacArthur and Wilson, 1967; Carson and Templeton, 1984) . Sexual signals, in particular, are amenable to rapid evolutionary change in such situations (Yeh, 2004; Svensson and Gosden, 2007) because founders possess a 'first sexual signal' that may be well or poorly fit to its new environment. Differences in the physical and ecological environment, such as, novel predators and parasites, competing signalers, and transmission properties can impose selection on the founders' sexual signal (Boake, 2002) .
The conspicuousness of sexual signals to predators and parasites has been recognized by many (Darwin, 1871; Verrell, 1991; Endler, 1992) , and the selective pressure of these eavesdropping natural enemies generally opposes that of the intended signal receivers (usually females). Natural enemies are often attracted to the very same elements of a signal that are preferred by females and because of this sexual signals represent a compromise between natural and sexual selection (Zuk and Kolluru, 1998) . Perhaps the best-known example of this comes from tú ngara frogs where both females and predatory fringe-lipped bats prefer males who include 'chucks' in their mating calls, yet males regularly give whining calls without chucks in areas of high bat predation (Ryan et al., 1982) . It is possible, then, that varying selection pressures across a species' range (in portions of the range with and without a given predator, for instance) can lead to divergence of sexual signals.
Such differentiation of mating signals can contribute to the reproductive isolation of organisms, potentially leading to speciation (West-Eberhard, 1983; Servedio and Noor, 2003) . Thus, understanding the influence of colonization and subsequent selection on signal evolution can shed light on the processes that contribute to reproductive isolation. When sexual signals do change, we want to understand not only the forces responsible (for example, adaptive or non-adaptive), but also the underlying genetic architecture. This is important because understanding how changes in sexual signals are controlled genetically will identify types of genetic change involved in reproductive isolation.
Relatively few examples of rapid evolutionary change in sexual signals have been well documented, and even fewer after a natural colonization event (but refer Yeh, 2004) . In fact, a recent review identified only 11 studies in which investigators identified rapid evolution of sexual signals in natural populations (Svensson and Gosden, 2007) . Of these, the majority are changes in continuously varying quantitative traits, for instance, male coloration, horn size or tail length (Endler, 1980; Coltman et al., 2003; Möller and Szep, 2005, respectively) . Only 3 of the 11 studies are of discrete polymorphisms. They are the color polymorphism in female blue-tailed damselflies (Svensson et al., 2005) , color morphs in side-blotched lizards (Sinervo and Lively, 1996; Sinervo et al., 2000) and the normal-wing/flatwing polymorphism in Polynesian field crickets (Zuk et al., 2006) . Color polymorphisms in both side-blotched lizards and blue-tailed damselflies have been identified as autosomal single-gene traits, the latter with three alleles and a hierarchy of dominance (Sinervo and Lively, 1996; Sinervo et al., 2000; Svensson et al., 2005) . Here, I investigate the mode of inheritance of the third example, the normal-wing/flatwing polymorphism of Hawaiian Teleogryllus oceanicus. I use crosses between flatwing males and females from a population that has never contained flatwings to determine the mode of inheritance of the song-suppressing mutation, flatwing.
The Polynesian field cricket, T. oceanicus, was recently introduced to Hawaii (Kevan, 1990) , where it encounters a deadly parasitoid fly, Ormia ochracea, that is found nowhere else in its range (Lehmann, 2003) . This novel natural enemy is attracted to the crickets' mating signal, the calling song (Cade, 1975; Zuk et al., 1993) , and is known to have influenced the crickets' song structure and mating behavior in Hawaii (Zuk et al., 1993 (Zuk et al., , 2001 Lewkiewicz and Zuk, 2004) . Gravid female flies deposit larvae on and around calling males, some of which will burrow into the body cavity of the cricket and consume fat and muscle tissue for the next 7-10 days, before eventually emerging and killing the cricket host in the process (Zuk et al., 1993; Adamo et al., 1995) . Recently, strong selective pressure by the fly favored a silent cricket morph called 'flatwing' that lacks the wing structures used to produce song (Figure 1 ; Zuk et al., 2006) . The advantage of this seemingly maladaptive trait is that flatwing males are 'invisible' to the flies, which solely use song to locate their hosts (Cade, 1975; Zuk et al., 2006) . To secure matings, instead of calling themselves, flatwing males pursue a satellite strategy, honing in on the song of the remaining calling males and attempting to mate with females attracted to them (Zuk et al., 2006) .
The rise of flatwing morphology from negligible in the late 1990s to 91% of the population in 2004 took only 16-20 generations (Zuk et al., 2006) . Laboratory populations bred from eggs collected on Kauai have been maintained in the lab in a constant environment and have shown flatwings for 12 generations (suggesting that the trait is genetically controlled and not the result of the rearing environment). No intermediate forms have been observed in the field or laboratory stocks (personal observation). Two possible modes of inheritance exist: either the difference between flatwing and normal-wing morphology is controlled by one or a few genes inherited in Mendelian fashion or the trait is polygenic with a threshold of expression giving rise to discrete morphs (threshold trait; Roff, 1996) . Given the rapid spread of the flatwing mutation and the lack of intermediate types, I hypothesized that the polymorphism is controlled by a single locus with two alleles. The initial rise in allelic frequency is fastest when an allele is dominant, since a mutant recessive allele would have to arise twice in the population before ever being expressed (Hedrick, 2000) . I therefore also hypothesized that the allele for flatwing morphology is dominant. The locus could be autosomal or sex-linked.
Because Zuk et al. (2006) were fortuitous in observing the rapid change in singing ability in the Kauai population, I can link the evolution of a sexual signal following colonization with the genetic architecture of the trait and the speed of the evolutionary change. My results are discussed in the contexts of the genetic architecture of changes in sexual signals, the genetics of reproductive isolation and invasion success.
Methods
A preliminary study was conducted to ensure that crosspopulation matings with flatwing males would produce viable offspring and to identify breeding methodology that would maximize survivorship (Methods and Results of this study can be found in an online supplement to Zuk et al., 2006) . However, the sample size and crosses performed were insufficient to confirm the mode of inheritance of the flatwing trait. Four replicate F1 crosses between flatwing males and virgin females from a population with no flatwing males were performed, Figure 1 Wing morphology of T. oceanicus. Forewings from a (a) flatwing male, (b) normal-wing male and (c) female. Flatwing males lack the file (1) and scraper as well as the resonating structures of the wing (harp (2) and mirror (3)). Flatwing morphology is not, however, identical to that of females. Instead, flatwing males possess a vestigial file that is reduced in size and relocated on the wing but visible by scanning electron microscopy (Zuk et al., 2006) . Male crickets normally produce song via stridulation, whereby a file on one forewing strikes the scraper of the other (Bennet-Clark, 1989 ) and a pulse of sound is produced with each wing-closing motion (Walker, 1962) .
Single locus controls loss of sexual signal RM Tinghitella and in the F2 generation only one of these replicates produced enough offspring for statistical evaluation. In that cross, the frequency of flatwing and normal-wing males in the F2 generation approximated a 1:1 ratio, consistent with the inheritance of a single sex-linked locus (w 2 ¼ 0.032, P ¼ 0.8575). Knowing this aided in the design of the current breeding experiment by elucidating the importance of the sex determination system. The sex determination system in crickets is XX/XO with males having only one X chromosome (Hewitt, 1979) . Thus, if the song-suppressing mutation is X-linked, males are hemizygous for the flatwing trait. Additionally, and importantly, the flatwing trait is sex-limited (only males have the organs necessary to produce song, females are monomorphic), so we cannot identify the phenotype of females as 'flat-winged' or 'normal-winged'.
Population origins
An archival 'Kauai' stock population consisting of only normal-wing males has been maintained in the laboratory since 1992 and was supplemented roughly annually with the offspring of field-caught females until 2001 (the last year in which the population was sampled and no flatwing males found). This stock population has never contained any flatwing males. 
Breeding
Breeding experiments were conducted in a growth chamber at 30 1C on a 12:12 light/dark schedule. To produce the F1 generation, virgin females from the purebreeding normal population (archival Kauai) were removed from mixed-sex groups prior to the final molt and housed in plastic containers (15 Â 22 Â 13 cm high) in groups of 5-10 with ad libitum access to food (Fluker's cricket chow for juveniles and Purina rabbit chow upon eclosion), water from wet cotton and cardboard egg carton for cover. At least 7 days post-eclosion, each female was placed in an identical plastic container for 24 h with a single flatwing male and allowed to mate. Sexually mature flatwing males used in the crosses were chosen haphazardly from the flatwing lab stocks, and no males or females were re-used. Because the flatwing trait is expressed only in males and we cannot identify females as 'flatwinged' or 'normal-winged', I did not perform the reciprocal crosses between assumed 'flatwing' females and normal-winged males. Mated females remained in these containers with ad libitum food, water and access to wet cotton for oviposition for 72 h after the male had been removed. After this 72 h period, females were removed and each egg pad was placed in a larger (41 Â 30 Â 20 cm high) plastic box where eggs were raised (approximately 30 individuals per box). In the preliminary study (Zuk et al., 2006, online supplement) , this minimized subadult death during molts. Upon hatching, boxes were cleaned at least three times weekly. Each time the boxes were cleaned, I recorded the number of dead offspring. Upon eclosion, I calculated the proportion survivorship based on these observations. Males and females were separated prior to the final molt. When all adults had eclosed, I noted the wing morphology of adult males. I conducted 28 replicate matings between Kauai females and flatwing males to produce F1 offspring, and of these matings, 22 produced eggs and offspring that were successfully raised to adulthood. Replicated tests of goodness of fit (G 2 likelihood ratio w 2 tests) were used to determine whether observed wingtype frequencies differed from those expected for the three possible single-gene hypotheses (Table 1) . Results for each replicate were obtained simultaneously, so overall tests of goodness of fit (pooled across replicates) were carried out first, with individual replicates analyzed in heterogeneity G tests only if warranted by the data (Sokal and Rohlf, 1995) . To produce the F2 generation, one virgin female and one virgin male from each of the F1 replicates (siblings) were chosen haphazardly and mated as described above (N ¼ 22 replicates). Additionally, each F1 replicate was assigned for use as either a backcross to a normal virgin female pulled from archival 'Kauai' lab stocks (N ¼ 9) or a backcross to a flatwing male (N ¼ 9). Some F1 replicates produced too few offspring to be used in F2 crosses and backcrosses. In these cases, I used the available F1 offspring only to produce F2 offspring. Breeding was conducted as above and offspring were raised until eclosion, after which I documented the ratio of wing types in the male offspring and again used G 2 likelihood ratio w 2 tests to determine whether the observed frequencies of each wing type differed from those expected. Table 1 indicates the expected ratios of normal-wing:flatwing male progeny from each of the described crosses if the flatwing trait is due to a single autosomal dominant, autosomal recessive or sex-linked mutation. The overall breeding design is diagrammed in Figure 2 .
Results
I performed four different types of crosses, hereafter referred to as F1, F2, BC1 and BC2. BC1 refers to the backcrosses between an F1 male and a female from the archival Kauai population of all normal-winged males. BC2 refers to the backcrosses between F1 females and flatwing males. I achieved a mean proportion survivorship of over 80% for all crosses and all replicates, with a range of 37.5-100% survivorship. The proportion survivorship in four F1 replicates was below 50% because Tests for goodness of fit to the single autosomal dominant, autosomal recessive and sex-linked hypotheses were performed on the data pooled across replicates for the F1, F2, BC1 and BC2 cross types. Sokal and Rohlf (1995) suggest pooling when the data from all replicates are obtained simultaneously. I corrected for multiple comparisons using a Bonferroni correction (a ¼ 0.0125). I could not perform goodness-of-fit tests when the expected ratio of normal-wing/flatwing males was either 0:1 or 1:0 because this places a 0 in the denominator of the statistical equation, making the value of the test statistic undefined. Using the remaining crosses, however, I was able to systematically eliminate all but one possible mode of inheritance.
In the F1 and BC1 crosses, I obtained a perfect or nearperfect match to the ratio of normal-wing:flatwing males expected if the trait is controlled by a single sex-linked or a single autosomal recessive locus (Tables 1 and 2 ). In the F2 and BC2 crosses, the observed ratio of normalwing:flatwing male offspring did not differ significantly from that expected if the flatwing trait is controlled by a single sex-linked locus (F2 and BC2, respectively: 
Discussion
Sexual signals are amenable to rapid evolutionary change after colonization events because novel selective agents like predators and parasitoids, transmission properties of the environment, and competing signalers may differ from those in their source populations (Boake, 2002; Yeh, 2004) . Divergence of sexual signals is thought to lead to reproductive isolation (West-Eberhard, 1983) . Thus, understanding the role of colonization and subsequent selection on sexual signals, and the genetic changes responsible for their divergence, can inform us about types of changes likely to influence speciation. Here, I investigated the genetics of a rapid evolutionary change in the presence of song in Polynesian field crickets. This change appears to be a response to a deadly parasitoid fly (Zuk et al., 2006) found only in the portion of the range where crickets were introduced, the Hawaiian Islands. I found that the song-suppressing mutation, flatwing, which completely eliminates the ability of Kauai males to produce song, an important sexual signal, is due to a change in a single sex-linked locus. Sex determination in field crickets is XX/XO with males having only one X chromosome (Hewitt, 1979) , so males are hemizygous for the flatwing trait. Calling morphology is also sex-limited; females never express the trait.
We expect the rate of evolution to be slower for complex, or polygenic, traits because of the potential for interactions between genes (Orr, 2000) . Perhaps it is not surprising, then, that although cricket song itself is known to be a polygenic trait (Shaw, 1996; Gray and Cade, 1999) , the song-suppressing mutation, flatwing, is due to a change in a single locus. Indeed, Zuk et al. (2006) observed the rapid spread of the flatwing mutation from negligible to 490% of Kauai males in o20 generations. The flatwing mutation is not part of the quantitative genetic background of song itself but, instead, a morphological mutation that eliminates males' ability to produce this sexual signal. Previous work in this system has identified changes in song structure, the timing of signaling and associated behaviors, which are consistent with selection to avoid the deadly parasitoid fly (Zuk et al., 1993 (Zuk et al., , 1995 Lewkiewicz and Zuk, 2004) . So, clearly, song itself is also subject to intense selection in this system. The suppression of calling ability in a part of the population (flatwing males) protects the quantitative genetic background of song from the effects of selection, but other factors such as mutational input and drift may have stronger impacts on future evolution than they did before the suppressor arose. Similarly, female choice for components of male song might be expected to evolve Observed ratios of normal-wing:flatwing male offspring in F1, F2 and backcross generations (pooled across replicates) and expected ratios with single locus sex-linked inheritance are provided. In no cross the observed ratio of offspring (normal-wing:flatwing) differed from that expected if the trait is controlled by a single sex-linked locus. Figure 2 Summarized breeding design. Flatwing males and females from the 'archival' Kauai population (never contained flatwings) were mated to produce the F1 generation. F1 siblings were mated to produce the F2 generation, and each F1 replicate was used in a backcross with either a normal female or a flatwing male.
not only in response to the suppression of song in flatwing males, but also in response to subsequent changes in the song itself.
Of the 11 examples of contemporary evolutionary change in a sexual signal identified by Svensson and Gosden (2007) , 3 are of discrete polymorphisms like the flatwing/normal-wing polymorphism. The other two, rapid changes in the frequencies of color morphs in bluetailed damselflies and side-blotched lizards, have been identified as changes in single genes, however, not in sex-linked genes (Sinervo and Lively, 1996; Sinervo et al., 2000; Svensson et al., 2005) . A rapid rise in the frequency of X-linked mutations might be expected if the mutation is favorable when expressed in the hemizygous sex (Avery, 1984) because such genes are expressed more often in the hemizygous sex (usually males), especially when rare (Avery, 1984) . So the mode of inheritance identified for the flatwing mutation is consistent with the rapid spread of the trait that Zuk et al. (2006) observed on Kauai.
Here, I have identified a mutation that is sex-linked and suppresses the expression of sex-limited wing morphology used to produce the sexual signal, song. A large body of literature suggests that the influence of X-linked genes should be greater on sexually selected (often sex-limited) traits than autosomal genes, and in some studies this has been the case (Reinhold, 1998; Hurst and Randerson, 1999; Saifi and Chandra, 1999) . When sexual selection favors trait expression in hemizygous males, but not in females, X-linked loci evolve more quickly (Rice, 1984; Charlesworth et al., 1987) and are more likely to persist than autosomal loci (Reinhold, 1999) . Among studies searching for large X-effects on sexually selected traits, results are mixed, particularly in QTL analyses, possibly because these studies also identify the epistatic effects of X-linked loci on autosomal loci (Fairbairn and Roff, 2006) . Large X-effects have been noted in studies of the inheritance of mating signals and courtship behavior as well as in postzygotic reproductive isolation (Coyne and Orr, 1989; Hollocher and Wu, 1996; Yeh et al., 2006) . It remains to be seen whether the sexlimited wing morphology used to produce the song is controlled by genes found on the X-chromosome as well, or whether the flatwing mutation simply interrupts a pathway leading to the normal development of wing structure.
Most empirical studies of the quantitative genetics of reproductive isolation have identified polygenic effects, rather than single-gene effects, as being responsible for sexual incompatibility (Gleason et al., 2005) . For instance, wing spot formation and courtship displays in male Drosophila have been identified as polygenic and attributed to the X-chromosome and autosomal loci, respectively (Yeh et al., 2006) ; cuticular hydrocarbons are polygenic as well (Coyne et al., 1994; Gleason et al., 2005) . In swordtail crickets (Laupala; Shaw, 1996) as well as field crickets (Gray and Cade, 1999) , male song is a polygenic trait, and it is often the case that closely related species differ only in their songs. Is the flatwing mutation a single-gene change that will contribute to reproductive isolation? Experiments examining the mating success of flatwings with females from populations throughout the crickets' range are underway, and these should reveal whether the loss of this important mating signal is reproductively isolating.
The flatwing/normal-wing polymorphism is unique in that the mutation was observed to completely eliminate, rather than modify, the sexual signal of 490% of T. oceanicus males found on Kauai. The loss of sexual signals, while counterintuitive, is widespread (reviewed by Wiens, 2001 ). For instance, phylogenetic studies reveal that conspicuous male coloration has been lost repeatedly in birds (Petersen, 1996; Price and Birch, 1996) , lizards (Wiens, 1999) and fish (Endler, 1980; Reimchen, 1989) . Three types of explanations for the loss of male sexual traits are possible, including environmental factors such as predation risk, random factors such as genetic drift and social factors such as male-male competition and female choice (Wiens, 2001) . For a sexually selected trait to be lost, positive female choice must be overcome by random or environmental effects or female preference must be lost, reduced or reversed. A combination is also possible: the preference may be lost, then the trait may be lost because of natural selection or drift.
It seems, then, that behavioral variation or plasticity (particularly in female preferences) might play a role in the loss of sexual signals. As traits that are necessarily accompanied by a set of behaviors (of the signaler and the receiver), one might expect sexual signals and associated behaviors to change in concert. Here, the selective pressure of a deadly natural enemy favored the flatwing mutation because it protects signalers. However, behavior must have facilitated the rapid rise of the songsuppressing mutation. In field crickets, song is used by males in two mating contexts: (1) calling song attracts locomotory females from afar and (2) courtship song is normally required by females before they will mount for mating (Burk, 1983; Libersat et al., 1994; Balakrishnan and Pollack, 1996) . If female choosiness was not relaxed or already variable, such that matings with silenced males were acceptable, the flatwing mutation would have been eliminated. This suggests that single-gene changes can have dramatic effects on the evolution of organisms, particularly when working in concert with behavior. Ongoing experiments are investigating whether pre-existing plasticity, in male or female behavior, might have facilitated the spread of the flatwing mutation. This type of behavioral compensation may be an important mechanism for invading populations when rapid evolutionary changes in sexual signaling, or other types of traits, occur soon after colonization (Yeh and Price, 2004) .
